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Abbreviations

ACE angiotensin-converting enzyme
BCAA  branched chain amino acid
BCFA  branched chain fatty acid
CLA conjugated linoleic acid
HDL high density lipoprotein
LCFA  long chain fatty acid

LDL low density lipoprotein
MCFA medium chain fatty acid
MFG milk fat globule

MFGM milk fat globule membrane
MPL milk polar lipid

MUFA monounsaturated fatty acid

NNR Nordic Nutrition Recommendations
OCFA  odd chain fatty acid
PB plant-based

PUFA  polyunsaturated fatty acid
SCFA  short chain fatty acid

SFA saturated fatty acid

TAG triacylglyceride

TFA trans-fatty acid



Summary

Cheese is nutritious, rich in high quality proteins, vitamins (e.g., A, B12), and minerals
(e.g., calcium, phosphorus) but also relatively high in saturated fats och salt. However,
despite the high levels of saturated fats och salt, cheese consumption has been linked to
reduced cardiovascular disease risk and shown not to increase LDL cholesterol or blood
pressure. These unexpected findings are often attributed to the cheese matrix, which
includes the combined effect of all nutrients and non-nutrients in cheese, how they are
organized in different structures and the physical cheese structure.

With increased knowledge on the role of the cheese matrix on health, there is growing
interest in understanding expected health effects when replacing cheese with plant-
based alternatives, and the role of their matrix. The aim of this report is to summarize
the current knowledge on the role of the cheese matrix in the health effects of cheese, in
comparison with plant-based cheese alternatives.

Several matrix factors may contribute to positive cardiometabolic effects of cheese, e.g.,
unique fatty acids, fat globule organization, casein micelle like structures, bioactive
peptides and amino acids, the bioaccessibility of calcium, and vitamin K. Several cheese
matrix factors are also suggested to benefit muscle- and bone health, e.g., the content of
high-quality protein, favourable calcium-to-phosphorus ratio and content of vitamin K.
The favourable ratio of calcium to phosphorus is also positive for dental health. Other
positive effects of cheese on dental health are attributed to casein, low carbohydrate
content (lactose which is less caries-inducing than other carbohydrates) and the saliva-
stimulating effect of chewing cheese.

No study has analyzed the food matrix effect on plant-based cheese alternatives.
Therefore, the comparisons to cheese can so far only be inferred from differences in
nutrient composition, processing, and raw materials between plant-based and dairy
cheese. Specific components in plant-based alternatives, such as anti-nutrients and the
fortification of vitamins and minerals may potentially impact their health effect.

In conclusion, current evidence indicates that cheese, due to its unique matrix, may
confer health benefits superior to those of plant-based alternatives, particularly with
respect to cardiometabolic, dental, and musculoskeletal health outcomes. However, it
remains uncertain whether assumptions derived from current knowledge of individual
nutrients and ingredients accurately reflect the true health effects of plant-based cheese
alternatives. Future research may further develop our understanding of how certain
processes, such as fermentation, affect the cheese matrix and reveal unexpected health
properties and matrix effects of plant-based cheese alternatives.

Key words: dairy, dairy alternative, dairy analogue, cheese alternative, cheese
analogue, cardiometabolic health, dental health, musculoskeletal health



Popularvetenskaplig sammanfattning

Ost ar ett naringsrikt livsmedel som &r rikt pa hogkvalitativa proteiner, vitaminer (t.ex.
vitamin A och B12) och mineraler (t.ex. kalcium och fosfor). Ost innehaller dock ocksé
relativt hoga halter av mittade fettsyror och salt, som generellt forknippats med ckade
nivder av LDL-kolesterol respektive hogt blodtryck. Bdde LDL-kolesterol och hogt
blodtryck utgor riskfaktorer for hjart-karlsjukdom. Trots innehéllet av mattade fettsyror
och salt har konsumtion av ost visat sig vara forknippad med minskad risk for hjart-
karlsjukdom. Ostkonsumtion har inte heller visat sig leda till forvantad 6kning av LDL-
kolesterol eller blodtryck. For att forklara dessa ovantade halsoeffekter av ost hanvisas
ofta till betydelsen av ostmatrixen, dvs. den samlade effekten av alla ndringsdmnen och
icke niringsdmnen, hur de ar organiserade i olika strukturer och dven av den fysiska
oststrukturen. Effekter av ostmatrixen kan dven bidra till positiva effekter relaterat till
muskel-, ben- och tandhilsa.

Parallellt med okad kunskap om ostmatrixens betydelse for hilsoeffekter finns det ett
vaxande intresse av att forsta vilka halsoeffekter som kan forviantas vid utbyte av ost mot
vaxtbaserade alternativ, och betydelsen av deras matrix. Med det 6vergripande syftet att
summera kunskapen om ostmatrixens betydelse for hilsoeffekter av ost, jamfort med
livsmedelsmatrisen for viaxtbaserade ostalternativ, bidrar denna rapport till ett sakligt
underlag for denna diskussion.

Flera halsoframjande faktorer relaterade till ostmatrixen har foreslagits, inkl.
forekomsten av specifika fettsyror, protein av hog kvalitet, bioaktiva peptider,
biotillgangligt kalcium, och fordelaktig kvot mellan kalcium och fosfor. En central faktor
ar ocksa organiseringen av fett i globulara fettstrukturer (eng. “milk fat globules”), som
omges av ett unikt membran innehallande mé&nga bioaktiva imnen. Aven organiseringen
av proteinet kasein i micelliknande strukturer antas spela en viktig roll.

Hittills saknas studier som specifikt undersokt betydelsen av matrixen hos vixtbaserade
ostalternativ  for hilsoeffekter. De flesta av de foreslagna fordelaktiga
“ostmatrixfaktorerna” kan dock antas inte forekomma naturligt i véxtbaserade
ostalternativ. For vixtbaserade mejerialternativ diskuteras i stillet andra faktorer,
sasom hogre bearbetningsgrad, berikning, antinutritionella faktorer, liksom innehall
och kvalitet av fiber, kolhydrater, fett och protein, i forhallande till mejeriprodukter.

Hailsoeffekterna av ost och mekanismerna bakom dessa ar dnnu inte helt klarlagda, men
tillgdnglig kunskap tyder pa att ostmatrixen kan ge hélsofordelar som inte uppenbart kan
erhéllas fran viaxtbaserade alternativ. Det ska dock inte uteslutas att ovantade
matrixeffekter hos vaxtbaserade ostalternativ kan komma att klarlaggas i framtida
forskning, pad samma sitt som forstaelsen av ostmatrixen och dess mgjliga inverkan pa
hilsan har vaxt fram over tid. Speciellt intressant kan det vara att undersoka
mojligheterna med fermentering, avseende savil struktur som niringsinnehall hos
vaxtbaserade ostalternativ. Fortsatta framsteg inom detta omrade ar viktiga for att battre
forsta de mojliga halsoeffekterna av att ersidtta mejeriprodukter, som ost, med
vaxtbaserade alternativ.

Rapporten finns dven i en svensk version (Bryngelsson och Bianchi, 2025).
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1 Introduction

Cheese is a nutrient-dense food, rich in high-quality proteins, vitamins (e.g., vitamins A
and B12), and minerals (e.g., calcium and phosphorus). However, cheese also contains
relatively high levels of saturated fatty acids (SFAs). Intake of SFAs has been associated
with increased levels of LDL cholesterol which is commonly agreed as causal for the
process of atherosclerosis and cardiovascular disease (Retterstel and Rosqvist, 2024).
The latest version of Nordic Nutrition Recommendations (NNR 2023) recommends
limiting the intake of SFAs to a maximum of 10 % of total energy intake (NCM 2023).
Furthermore, food based dietary guidelines commonly advocate a limited intake of full-
fat dairy products, not to exceed the recommended intake of SFAs and energy (NCM,
2023; USDA and HHS, 2020, PHE, 2016). Cheese may also be a substantial source of
sodium, known to increase blood pressure in a dose-dependent manner and associated
with increased risk of cardiovascular disease (Jula, 2024). NNR 2023 recommends that
salt intake should not exceed 6 g per day (NCM 2023).

Despite its content of SFAs and sodium, current epidemiological evidence suggests an
inverse association between cheese intake and risk of cardiovascular disease (Bjorklund
Holven and Sonestedt, 2024). Additionally, randomized controlled trials have
demonstrated that fat from cheese does not raise LDL cholesterol equally as fat from
other dietary sources, including butter (Dunne et al., 2024). To explain such unexpected
associations between cheese intake and health outcomes, not obviously explained by the
mere content of individual nutrients, reference is increasingly made to the importance of
the so-called food matrix.

1.1 Food matrix

The food matrix refers to the food’s combination of nutrient and non-nutrient
components, as well as the physicochemical relationships between those food
components and how different compounds are compartmentalized in the food (e.g.,
Comerford et al., 2025: Weaver and Givens, 2025; Weaver, 2021). The concept of food
matrix has received increased interest in recent years, but research on how both food’s
composition and physical form work together to impact health dates back to the 1970s
(Haber et al., 1977). The food matrix approach offers a more holistic approach compared
to the traditional “reductionist approach” focusing on individual nutrients. Interactions
between components of the matrix can affect the digestibility and bioavailability of
nutrients and can provide additive properties that are difficult to predict, which can also
be greater than the sum of the individual parts.

The emerging understanding of the role of food matrices for health has largely been
driven by research on dairy products, including cheese (e.g., Comerford et al., 2025;
Weaver, 2021; Feeney et al., 2021). Much interest has been devoted to the importance of
the dairy matrix in relation to cardiometabolic health (e.g., Taormina et al., 2024, Timon
et al., 2020) but also to other health outcomes, e.g., dental health (Shkembi and
Huppertz, 2023b) and musculoskeletal health (Geiker et al., 2020).

Much remains to be explored in terms of mechanisms that could explain why
consumption of SFAs and salt from cheese does not seem to induce expected negative



health effects. However, a number of factors and mechanisms linked to the cheese matrix
have been proposed, e.g., the presence of the unique milk fat globule membrane (MFGM)
stabilizing the milk fat droplets and casein micelles, the action of microorganisms used
for fermentation of the cheese and the content of dairy-specific lipids, peptides and
calcium, as well as the physical cheese structure per se (e.g., Feeney et al., 2021).

1.2 Plant-based alternatives

In parallel with the increased interest in health implications of dairy matrix, there is a
growing interest in the nutritional quality and health impact of plant-based alternatives
to dairy, in relation to their dairy counterparts. Plant-based alternatives to dairy are
being developed as a response to the increasing consumer demand for plant foods that
mimic structure, flavour, and nutritional value of dairy products. As the starting raw
materials and the production process are very different from cheese, it is not only difficult
to obtain nutritionally equivalent products, but they may also have different health
effects compared to cheese. No epidemiological studies have so far investigated the
health effects associated with consumption of plant-based alternatives to dairy, not to
say alternatives to cheese, and randomized controlled studies are lacking.

Plant-based alternatives typically contain many more ingredients than the equivalent
animal foods (McClements, 2023). To accurately simulate the look, feel, and taste of
cheese, plant-based alternatives may contain colours, flavours, thickeners, gelling
agents, binders, structuring agents, and emulsifiers. Vitamins and minerals are often
fortified to match the micronutrient profiles of animal-sourced products. Preservatives,
such as antioxidants and antimicrobials, are often added to ensure that the plant-based
products have a sufficiently long shelf life and are safe to consume. As a result, the
nutritional profile of plant-based cheese alternatives may vary substantially and deviate
from the nutritional profile of cheese (Moshtaghian et al., 2024; Craig et al., 2022).
Particularly, plant-based cheeses may contain little or no protein and high levels of
saturated fats, salt, and starches.

Furthermore, typical characteristics of the cheese matrix cannot be assumed to be
present in plant-based alternatives. However, for plant-based cheese alternatives, other
matrix properties may play a role in their health effects. For example, it is well known
that nutrients in plant-based foods may be less bioavailable due to the presence of
antinutritional factors (McClements and McClements, 2023). Given that plant-based
cheese alternatives is a relatively new category of foods, less is known about their health
effects and matrix characteristics.

2 Aim

In light of the growing interest in plant-based dairy alternatives, there is an increasing
need to understand the potential health effects associated with replacing dairy products,
particularly cheese, with plant-based alternatives. This report aims to provide an
evidence-based contribution to this discussion.

The primary objective of this report is to summarize the current knowledge regarding the
significance of the cheese matrix in relation to the health effects of cheese, as compared



to the food matrix of plant-based cheese alternatives. For the purposes of this report,
cheese primarily refers to hard cheese.

3 Literature search

The main scientific basis for this report was gathered through two literature searches.
The first search aimed at identifying articles specifically highlighting the issue of food
matrix and nutrient bioavailability, related to cheese and plant-based cheese alternatives
(section 3.1). The second search (section 3.2) aimed and identifying recent controlled
studies on health effects of cheese and plant-based cheese alternatives, in addition to
those cited in the review articles identified in the first search. Additional articles were
identified via reference lists and various exploratory searches. The search strategies were
adapted to obtain a reasonable hit rate, in relation to the size of the project. This report
is thus not based on a systematic literature search, but nevertheless based on essentially
objective literature searches, which are briefly described below.

3.1 Search No. 1: Articles on matrix and
bioavailability

Articles on food matrix and bioavailability of hard cheeses made from cow’s milk or
plant-based alternatives related to health were identified by searching the PubMed and
Scopus databases (see Figure 1 for details). It was predetermined that review articles
would be given the highest priority, although the search was not specifically limited to
identifying review articles. It was expected that few articles would be identified on plant-
based cheese alternatives, therefore the scope of the search for articles on plant-based
alternatives was broader, including articles on “cheese OR dairy” (i.e., not strictly
limiting the search to plant-based cheese alternatives). However, only articles including
information of relevance for cheese were planned to be included.

Included articles were those published in peer-reviewed journals between 2019-2025,
written in English. Original articles, reviews, conference reports and supplemental
papers written in English and available in full text were included, while editorial texts
and book chapters were excluded. Articles on associations between cheese or plant-based
alternatives and health only, i.e., not exploring the impact of the food matrix, were
excluded, as were articles exploring only the nutritional composition of cheese or plant-
based alternatives. Furthermore, articles on toxicological, foods safety, functional or
technological aspects were excluded, as were articles specifically focusing on probiotic
effects. Articles on soft cheese and mixed dairy were excluded as were articles on hard
cheese from milk other than cow’s milk.

Totally 323 articles were identified from the main search in PubMed and Scopus,
whereof 26 reviews (Table 1) and 2 original articles remained after cleaning for
duplicates, screening of title and abstract and reading in full text (Figure 1). Four
additional reviews were included from reference lists and complementary searches.

The two included original articles were in vitro studies (Jensen et al., 2021; Schmidt et
al., 2020). No original human studies were identified by this search.
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Three of the “dairy reviews” also provided reflections on plant-based cheese/dairy
alternatives; Weaver and Givens (2025), Shkembi and Huppertz (2023b) and Geiker et
al. (2020). No additional review exploring matrix effects of plant-based cheese in relation
to health was identified. Five reviews dealing more broadly with plant-based alternatives
to dairy were nevertheless included, presenting an overview of nutritional aspects of
plant-based dairy alternatives, or a specific focus on fermented plant-based dairy (Table
2). These reviews present few original studies specifically addressing plant-based
cheeses and aspects related to health, beyond the nutritional profile, therefore we
decided to cite these references directly.

3.2 Search No. 2: Recent controlled studies

A second search was performed to identify recent controlled studies on health effects of
cheese and plant-based cheese alternatives, in addition to original articles already cited
in the included reviews (see Figure 2 for details).

Included articles were original papers published in peer-reviewed journals between
2021-2025, written in English and available in full text. Articles exploring only the
nutritional composition of cheese or plant-based alternatives were excluded, as were
articles specifically focusing on probiotic effects and articles on toxicological, foods
safety, functional or technological aspects. Articles on soft cheese and mixed dairy were
excluded as well as articles on hard cheese from milk other than cow. Furthermore,
original studies cited by at least one of the reviews identified (Table 1 and 2) were
excluded.

Totally 43 original articles were identified, whereof 4 remained after cleaning for
duplicates, screening of title and abstracts, reading in full text and checking for
citations in included reviews (Figure 2). All four included studies report of metabolic
effects from cheese consumption (Table 3). No controlled study dealing with plant-
based cheese alternatives was identified.
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Search terms:
(matri* OR bioavailability) AND (cheese) AND health

es :n=2
(Table 1 and 2)

PubMed: n=80
: —>
Total: Duplicates: n=118
|, n=323

based”) AND (cheese OR dairy) AND health 1

PubMed: n=34 Screened tr:EeQ?)r;d abstract: Excluded: n=160

Scopus: n=57
Reference lists and complementary searches: |, Reading full text: Excluded: n=21

n=4 n=49 (Appendix A)
Included

Figure 1. Flow chart of search results from search for articles exploring food matrix and
bioavailability related to cheese and plant-based cheese alternatives. [Search fields for PubMed:
“Title and abstract” and “MESH terms”. Search fields for Scopus: “Title, abstract and key words”.
Publication years: 2019-2025 (search date: 20t of January 2025). No filter for type of articles

applied.]

Search terms:
cheese AND (health OR metab* OR cardio* OR diab* OR

Screened for citations in
review articles searchno 1
n=8

PubMed: n=43 — Total:
ni : 6 Duplicates: n=0
Search terms: —
cheese AND (health OR metab* OR cardio* OR diab* OR l
dental OR musc* OR skelet* OR bone* OR bioa*) AND
plant* .
§g,tgg,n,§,q,t|r1j:l=e4aénd abstract Excluded: 25
PubMed: n=3
Reference lists, complementary search: . Reading full text: Excluded: 15
n=6 n=25 (Appendix A)

Excluded: 4
(Appendix A)

|

Included
n=4
(Table 4)

Figure 2. Flow chart of search results from search on controlled studies of cheese and plant-based
cheese alternatives. [Search field: “All fields”. Publication years: 2021-2025 (search date: 25t of
March 2025). Filter for article type: “Randomized controlled trials” or “Clinical trials”.]




12

Table 1. Reviews on cheese food matrix identified by search No. 1 (see section 3.1).

Main bioactives/mechanisms related to cheese matrix raised or discussed
N Food or

Author 5:::'(:3“0“ aTZt'?;:f constituentin Main health focus MFG/ Proteins,

focus Fat MFGM/ | peptides, Calcium . Fermentation/ Cheese

. N VitK . .
Fatty acids Polar amino Phosphorus microorganisms | structure
lipids acids

Comerford et al. 2025 Proceeding?! Dairy Cardiometabolic health X X X X

(+ comment BP)

. Narrative Dairy Cardiometabolic health

Weaver and Givens 2025 review? (+ BP drinks) Musculoskeletal health
Dunne et al. 2024 Proceeding | Dairy (SFAs) Cardiometabolic health X
Pokala et al. 2024 Review?® Dairy Cardiometabolic health X X

Health promoting
Santiago-Lépez et al. 2024 Review components in Not specified X X X

cheese
Taormina et al. 2024 Review® Dairy Cardiometabolic health X X X
Wilmot et al. 2024 Review MFGM Not specified X
Shkembi and Huppertz 2023b Review* Dairy + PB Dental health X X X X
g?;;(?es;Gonzalez and Rice 2023 Review?® Dairy Cardiometabolic health X X X X X X
Unger et al. 2023 Review® Dairy Cardiometabolic health X X X X X X
Feeney et al. 2021 Review Cheese Cardiometabolic health X X X X X
Weaver 2021 Supplement® | Dairy Cardiometabolic health X X X
Astrup et al. 2020 Review® Saturated fat Cardiometabolic health X X X X X X
Geiker et al. 2020 Consensui Dairy + BP Musculoskeletal health X X

statement
Hirahatake et al. 2020 Review?® Dairy (dairy fat) Cardiometabolic health X X X X X
Poppitt 2020 Review Dairy Cardiometabolic health X X X X X X
Timonet al. 2020 Review Dairy Cardiometabolic health X X X X X X
Turgeon and Brisson 2019 Symp_osu;m Dairy Bioavailability X
review

Astrup et al. 2019 Supplement?® Dairy (full fat and Cardiometabolic health X X X

fermented)
Fardet et al. 2019 Review | Dairy (food Bioavailability X X X x

structure)
Mozaffarian 2019 Supplement® | Dairy Cardiometabolic health X X X X X X

1Synopsis of presentations at the “Undercover Nutrition: A Symposium Decrypting Food and Dairy Matrix Science”, supported by an educational grant provided by National Dairy Council; 2Supported by Dairy Research Consortium;
2 Financial support or authors employed by the National Dairy Council; *Financial support by the Dutch Dairy Association and one author employed by FrieslandCampina; ® Summary of symposium at the American Society for
Nutrition’s 2022 live online conference, funded by the National Dairy Council; >Evidence presented at an expert workshop “Saturated fat and health: A nutrient or food approach?, funded by Nutrition Coalition; °Based on an expert
workshop funded by the European Society for Clinical and Economic Aspects of Osteoporosis, Osteoarthritis and Musculoskeletal Diseases (ESCEOQ); ’Presented as part of “Milk Proteins and Enzymes Symposium: Don’t have a Cow
- Plant-Proteins, Bovine Protein Expression and Milk Humanization”, ADSA Annual Meeting. Supported by the Dairy Research Consortium; 8Part of the supplement "Yogurt, more than the sum of its parts—éth Global Summit on the
Health Effects of Yogurt Proceedings" sponsored by Danone Institute International.

PB = plant-based; SFA = saturated fatty acids; MFG = milk fat globule; MFGM = milk fat globule membrane
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Table 2. Reviews on plant-based cheese alternatives identified by search No. 1 (see section 3.1).

Author Publ.year | Typeofarticle | Dairy/Cheese/PB ::e?;.t,l;eal th outcome) Supposed* food matrix components with putative health effects
Erem and Kilic-Akyilmaz 2024 Review Fermented PB dairy Positive effect of fermentation by lactic acid bacteria on Fermentation may lead to decreased anti-nutrients; release of
technological and health properties. antioxidants and anti-diabetic compounds; decreased digestive
enzymes activity with resulting anti-diabetic function.
McClements and 2023 Review PB dairy (incl. meat, fish Challenges of dairy replacement by PB due to nutritional differences. | Higher anti-nutrients and fiber in PB may hinder minerals’ bio-
McClements and egg alternatives) accessibility and reduce gastro-intestinal digestibility.
McClements 2023 Review PB dairy (incl. meat, fish Nutrient content and bioavailability differences in PB vs. animal- Impact of a high processing and higher fats and sugars in PB may
and egg alternatives) based with specific focus on the effect of “ultra-processing”. result in different pharmacokinetics of digestion and absorption.
Kouamé et al. 2023 Review PB dairy obtained from Nutritional, health and technological aspects related to the use of PB cheese has a different in structure, especially with regard to the
cereals cereals as plant-based dairy alternatives (including probiotic effect). protein network.
Sridhar et al. 2022 Review PB dairy (incl. meat and Nutritional and digestibility differences in PB vs. animal-based Different digestibility, with mention of fortified minerals bio-
seafood alternatives) products. accessibility in milk alternatives.

PB=plant-based

*No identified review dealt explicitly with food matrix effects.

Table 3. Controlled studies on cheese identified by search No. 2 (see section 3.2).

acids, muscle mTOR1,
ribosomal profiling

Postprandial (300 min)

Author Publ. Health outcome Study design Intervention Subjects and Duration Conclusion
Country year.
Rooney et al. 2025 Cholesterol metabolism Secondary analysis of See O'Connor et al., 2024 below, treatment | Overweight adults Cheese was found to lower cholesterol concentrations in the cohort as a
pooled data from two land 3. (n=197,41.6 % male) whole, while men and women were found to respond differently to dairy
Ireland parallel-arm RCTs fat. Findings indicate the cheese matrix may have a stronger effect in
(O'Connor et al. 2024; 6 weeks females and thus may play a role in personalised nutrition.
Raziani et al. 2016)
QO'Connor et al. 2024 Metabolic health Parallel, randomized Appr. 40 g of dairy fat per day, three Overweight adults Compared to unmelted cheese, melted cheese was found to increase total
treatments: (1) 120 g full-fat cheddar (n=162) cholesterol and triglyceride concentrations in middle-aged, overweight
Ireland cheese, eaten in unmelted form; (2) 120 g adults with no effect on weight or glycaemic control.
full-fat cheddar cheese eaten in melted 6 weeks
form; (3) deconstructed cheese (butter,
calcium caseinate + Ca supplement
(CaC03; 500 mg)
Hermans et al. 2022 Muscle protein synthesis, Randomized, parallel 30 g protein provided as cheese or milk Healthy males, 18-35y Cheese induced a slower and lower blood amino acid response compared
plasma glucose, insulin protein concentrate following a single- (n=20) to milk. Cheese did not induce insulin response, which milk did. Cheese
The Netherlands and amino acids legged resistance-type exercise session. and milk ingestion similarly increase muscle protein synthesis rates both
Postprandial (4 h) at rest and during recovery from exercise.
de Hartetal. 2021 Insulin, blood glucose, Crossover study Two treatments: (1) Cheddar cheese (65 g); | Young male (n=12) and Cheddar cheese induced a sustained blood amino acid and moderate
non-esterified fatty acids, (2) milk (379 ml) (similar protein intake = 20 | female (n=12) muscle mTORC1 response yet had a lower glycemic profile compared to
us plasma levels of amino g). milk.
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4 Cheese matrix
4.1 Cardiometabolic health

This section is primarily based on review articles listed in Table 1 with cardiometabolic health as a health
outcome. Where the information can be referred to many of these articles, reference is made to a selection
of them, for ease of reading. Additional articles used as evidence are referenced in the text.

Cheese is a significant source of SFAs and sodium, which are both considered as dietary
risk factors for cardiometabolic health. However, growing evidence indicates that dairy
foods, specifically fermented dairy foods such as cheese, have properties that can
attenuate the assumed detrimental effects on cardiometabolic health (especially
cardiovascular health), if considering the content of these nutrients only (e.g., Comerford
et al., 2025; Pokala et al., 2024; Taormina et al., 2024; Timon et al., 2020; Torres-
Gonzalez and Rice Bradley, 2023).

A growing body of evidence suggests that health effects of SFAs depend not only on the
total amount consumed but also on the type of SFAs and the food matrices of origin, with
differences also within the dairy category, e.g., cheese vs butter (Weaver and Givens,
2025; Astrup et al., 2019; Timon et al., 2020).

A full review of studies on cheese and cardiometabolic health or related risk markers is
beyond the scope of this report. However, the following are examples of controlled
studies on effects of cheese consumption on LDL cholesterol (studies either cited in the
included reviews or identified in search No. 2):

e Full-fat vs reduced fat cheese: Raziani et al. (2016) showed that full-fat cheese
(Danbo, hard cheese) did not alter levels of LDL (or HDL cholesterol, insulin, glucose
and triglycerides) compared to reduced-fat cheese or isocaloric amount of
carbohydrate rich foods.

e Cheese vs butter: Tholstrup et al. (2004) (hard cheese), Biong et al. (2004)
(Jarlsberg), Nestel et al. (2005) (Cheddar), Hjerpsted et al. (2011) (Samsg) and
Feeney et al. (2018) (Cheddar) showed that cheese induced lower levels of LDL
cholesterol (but not necessarily other blood lipids) compared to butter. A systematic
review of intervention studies also concluded that consumption of hard cheese lowers
LDL cholesterol compared to butter (de Goede et al., 2015).

e Intact cheese vs deconstructed cheese: Feeney et al. (2018) showed that the intake of
dairy fat from an intact cheese matrix (Cheddar) induced a greater reduction in LDL
cholesterol compared to a macronutrient-matched dairy product formulated from
ingredients of butter, casein and calcium (“deconstructed cheese”, i.e. not intact
cheese matrix). A follow up analysis showed that cheese induced greater proportion
of larger and less atherogenic LDL particles compared to the “deconstructed cheese”
(Dunne et al., 2023). In contrast, a later study by the same research group did not
find any differences on LDL cholesterol (but on total cholesterol and triglycerides)
when comparing unmelted Cheddar cheese with melted Cheddar cheese and
deconstructed cheese (O'Connor et al., 2024). Based on findings in a previous study,
showing greater cholesterol reduction among those with the highest baseline levels
(O'Connor et al., 2022), the authors discuss that the contrasting results may be
explained by the likelihood that many of the participants in the later study having
normal cholesterol concentrations.
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e Gender specific effects: Gender specific effects on LDL particle size were reported by
Raziani et al. (2018) (full-fat vs reduced fat cheese) and Rooney et al. (2025) (intact
cheese vs deconstructed cheese), suggesting a role for dairy matrix in personalized
nutrition.

Furthermore, a recent study suggests that moderate cheese (type not specified) intake
may benefit cardiovascular health by lowering hypertension risk (Yang et al., 2025).
Other studies showed no association between cheese (all types) and prevalence of
hypertension (Farinha et al., 2024). Although it is premature to conclude that cheese
reduces blood pressure, current evidence suggests that cheese does not increase blood
pressure, despite its often high salt content. However, further research is required to
elucidate this relationship in greater detail, including comparative studies of cheeses
with varying salt contents.

Considering risk of type 2 diabetes some evidence points at reduced risk (Zhong et al.,
2024; Aune et al., 2013). However, a recent Swedish study found a positive association
between very high intake of cheese (>100 g compared to <20 g) and risk of diabetes type
2, among males but not females (Zhang et al., 2025).

There is no consensus on the exact mechanisms behind why cheese consumption seems
to have different effects related to cardiometabolic risk compared to other sources of
SFAs. This could either be explained by dairy products containing unique saturated fatty
acids that provide more beneficial health effects on their own, or by the fact that dairy
products contain other constituents or have other matrix characteristics that counteract
the negative health effects of saturated fatty acids (Comerford et al., 2025). However,
these factors are hard to separate since SFAs are inherent to the dairy food matrix.
Several factors and characteristics linked to the cheese matrix have been suggested as
possible contributing factors, a selection of which is summarized below (section 4.1.1-

4.1.5; Figure 3).

Fat components

Polar lipids MFG and MFGM Protein and bioactive
Short- and medium chain FAs Polar lipids -
Odd FA; Branched FAs Physical barrier peptides

Calcium = Cardiometabolic r
health Calcium

. Fermentation
Vitamin K Vitamin K

Fatty acids; Bioactive peptides

Figure 3. Examples of factors and mechanisms related to the cheese matrix with a tentative role in
mitigating the expected negative effects of saturated fatty acids and sodium in cheese.
FA=fatty acids; MFG=milk fat globule; MFGM = milk fat globule membrane
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4.1.1 Milkfat

Milk fat is one of the most complex natural fat sources, consisting of over 400 fatty acids
(Taormina et al., 2024; Torres-Gonzalez and Rice Bradley, 2023). Approximately 70 %
of milk fat is SFAs (mainly palmitic acid, C16:0), while approximately 30 % is
unsaturated fatty acids, dominated by monounsaturated fatty acids (MUFAs) (mainly
oleic acid C18:1 c9) with smaller amount of polyunsaturated fatty acids (PUFAs) (mainly
linoleic acid C18:2 c9, c12).

Due to bacterial metabolism in the rumen milk fat contains several unique fatty acids,
including short chain fatty acids (SCFAs; less than six carbons) and medium chain fatty
acids (MCFAs; 6-12 carbons), branched-chain fatty acids (BCFAs) and the odd-chain
fatty acids (OCFAs) pentadecanoic acid (C15:0) and heptadecanoic acid (C17:0). In the
rumen, various milk-specific trans-fatty acids (TFAs), including vaccenic acid (18:1 t11),
and rumenic acid (18:2 c9, t11), are also produced from dietary unsaturated fatty acids.
In addition, polyunsaturated fatty acids with conjugated double bonds are present in
milk fat, in both cis and trans-forms. The most common conjugated fatty acids in milk
fat is conjugated linoleic acid (CLASs).

In milk the majority (97-98%) of fatty acids are present as triacylglycerides (TAGs), the
remaining fatty acids present in the form of phospholipids (e.g., phosphatidylcholine),
sphingolipids (e.g., sphingomyelin), sterols (mainly cholesterol) and free fatty acids.

In natural milk most fat (95%) is carried by unique fat globules (see section 4.1.1.1). The
globules are surrounded by a membrane. The membrane and its components have
attracted much interest as a central factor in the milk matrix having a potential role for
health effects of dairy fat.

The total fat content in cheese is significantly higher than in milk due to the loss of water
during the cheese-making process. Additionally, fermentation and ripening can alter the
fatty acid profile, influenced by the microbial activity of the starter culture (Pokala et al.,
2024). Several of the SFAs in dairy, including those further modified by lactic acid
bacteria during cheese production have been identified as biomarkers of protection
against cardiometabolic disease (Comerford et al., 2025).

Components of milk fat which may contribute to the overall health impact of the cheese
matrix are summarised below. Worth mentioning is, however, that controlled trials
assessing the long-term effects of realistic dietary intake of these specific fat components
on cardiovascular disease, type 2 diabetes, or other aspects of cardiometabolic health are
so far generally lacking (Poppitt, 2020).

4.1.1.1 Milkfat globules and the milk fat globule membrane

The lipids in cow’s milk exist primarily (95%) as globules, known as milk fat globules
(MFGs), which are coated by a tri-layer milk fat globule membrane (MFGM) comprised
of proteins (appr. 70%, whereof many are enzymes), polar lipids and cholesterol (Wilmot
et al., 2024; Torres-Gonzalez and Rice Bradley, 2023). The arrangement of fat in MFGs
makes dairy fat unique from other dietary food sources. The MFGM prevents the
aggregation of MFGs, creating an emulsion within the milk and protecting TAGs in the
inner core from enzymatic degradation and oxidation (Figure 4).
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A wide array of cardiometabolic related conditions (e.g., adverse lipid metabolism,
insulin resistance, inflammation) are suggested to be influenced by MFGM and its
associated components, not the least via metabolic effects of polar lipids (see section
4.1.1.2).

Processing may affect the size of the MFG (e.g., homogenization results in smaller
droplets) and even disruption of the MFGM (e.g., churning of butter), which may have
an impact on the health effects of the final product. A study comparing effects on serum
lipids of dairy fats enclosed by MFGM (whipping cream) or not (butter oil) found that
dairy fat not enclosed by MFGM increased LDL cholesterol, while dairy fats enclosed by
MFGM did not (Rosqvist et al.,, 2015). The mechanism is not clear although
phospholipid-induced alteration of gene expression may be involved.

glycosphingolipid
/ sphingomyelin
P cholesterol

>
lipid tri-layer —— @ ./

triacylglycerol-rich
core

Figure 4. The milk fat globular membrane (MFGM) is unique in that it is a tri-layer membrane that
surrounds the lipids (triacylglycerols) of the milk fat globule core. The MFGM is composed of
phospholipids and sphingolipids, referred to as milk polar lipids (figure from Torres-Gonzalez and
Rice Bradley, 2023).

4.1.1.2 Milk polar lipids

Polar lipids comprise approximately 1% of the total lipids of milk, and include
phospholipids (e.g., phosphatidylcholine) and sphingolipids (e.g., sphingomyelin).

Cheese contains particularly high levels of milk polar lipids (MPLs) (incl. sphingolipids),
while butter has lower levels, since the MFGM is disrupted during the churning process.
This higher concentration may provide unique cardiometabolic benefits in humans
(Torres-Gonzalez and Rice Bradley, 2023).

When consumed in significant amounts within the diet, MPLs may contribute to
beneficial effects related to cardiometabolic health by several tentative mechanisms
(Comerford et al., 2025; Pokala et al., 2024; Torres-Gonzalez and Rice Bradley, 2023).
For example, they may inhibit lipid and cholesterol absorption from the gastrointestinal
tract, attributable to intraluminal emulsification and the ability of sphingomyelin to
inhibit the action of pancreatic lipase activity. MPLs may also reduce the inflammatory
responses to the diet in the gastrointestinal tract. However, the health potential of MPLs
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within a balanced diet, at doses achievable trough diet requires further exploration in
human studies (Wilmot et al., 2024).

MPLs have also been investigated for liver health, due to their putative inhibition of the
intestinal absorption of lipids and as being a source of choline (Hirahatake et al., 2020).

4.1.1.3 Short- and medium chain fatty acids

SCFAs and MCFAs are minor dietary components that have gained attention due to their
unique metabolic pathways, which differ from those of longer-chain fatty acids. SCFAs
and MCFAs are primarily absorbed directly into the portal vein and transported to the
liver for oxidation. In contrast, longer-chain fatty acids are incorporated into
chylomicrons and enter the systemic circulation before being oxidized or stored (Poppitt,
2020). As a result, SCFAs and MCFAs are less likely to be stored in adipose tissue
compared to longer-chain fatty acids.

There is growing evidence suggesting that SCFA and MCFA may offer benefits for
metabolic risk, weight management, obesity, and the gut microbiome (Astrup et al.,
2019). It has been proposed that SCFA and MCFA may reduce metabolic stress and
inflammation through effects on the gut-brain axis (Torres-Gonzalez & Rice Bradley,
2023).

Despite promising evidence that short-chain fatty acids play an important role in
metabolic health, significant knowledge gaps remain. These gaps pertain to both the
mechanisms underlying the effects of SCFAs and the optimal strategies for increasing
SCFA levels and the optimal strategy for increasing SCFAs. Potential strategies include
the intake of dietary fibre, which ferments into fatty acids in the gut, the use of probiotics
that produce SCFAs, or the direct intake of SCFAs (Miinte and Hartmann, 2025). Further
human studies are necessary to establish both the effects and long-term safety of these
approaches.

Medium-chain fatty acids (MCFAs) may promote greater weight loss compared to long-
chain fatty acids. However, the evidence regarding their effects on blood lipids and
glucose metabolism is more limited and complex, with studies yielding conflicting results
(He et al., 2024; Sivri and Akdevelioglu, 2025). Further research is needed to clarify these
effects.

4.1.1.4 Branched chained fatty acids

One BCFA in dairy (also found in beef and fish) is phytanic acid, with a main chain of
sixteen carbons and four methyl groups (Sellem et al., 2022). Phytanic acid is derived
from degradation products from chlorophyll and the content in animal-derived foods
therefore depends on the amount of grass fed to the animal.

Animal studies suggest potential beneficial effects of BCFAs, including protection against
inflammation and metabolic disorders (e.g., dyslipidemia), possibly via their capacity to
alter the microbiota composition (Torres-Gonzalez and Rice Bradley, 2023; Pokala et al.,
2024; Astrup et al., 2020). Further, BCFAs has been inversely correlated with serum
insulin, triglycerides, and C-reactive protein (CRP) concentration, also indicating
potential beneficial effects (Torres-Gonzalez and Rice Bradley, 2023). However, a small,
controlled study failed to reveal any significant changes in blood lipids, CRP, insulin or
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glucose levels after consumption of cheese, butter and milk with phytanic acid (Werner
et al., 2011). Further research is needed to clarify the role of BCFAs related to
cardiometabolic health.

On the other hand, there is discussion that branched-chain fatty acids may increase the
risk of cancer, via activation of the enzyme AMACR (alpha-methyl acyl-CoA racemase)
(Kong et al., 2020).

4.1.1.5 Odd-chain fatty acids

OCFAs, C15:0 (pentadecanoic) and C17:0 (heptadecanoic), have been reported to be
inversely associated with type 2 diabetes and cardiometabolic risk in cohort studies,
though the association to cardiometabolic risk is scattered (inverse or neutral) and
intervention studies are still lacking (Poppit et al., 2020). C15:0 has also been proposed
as an essential fatty acid, with some evidence from animal models suggesting they may
attenuate inflammation and dyslipidemia by regulating metabolism and stimulating
mitochondrial repair (Torres-Gonzalez and Rice Bradley, 2023; Poppitt, 2020).

Some evidence suggests that OCFAs in milk may influence liver function (Hirahatake et
al.,, 2020). However, additional research is needed to confirm these findings and
determine whether physiologically relevant intakes or systemic levels are significant in
this context.

C17:0 and C15:0 are synthesized by de novo lipogenesis and bacteria in ruminants and
has traditionally been proposed and used as a biomarker of dairy intake (Sellem et al.,
2022). However, these OCFAs are also present in ruminant meat and fish. Therefore,
circulating levels of these Ci5:0 and C17:0 may not accurately reflect dairy intake,
especially not the intake of low-fat dairy, in a high meat or fish diet. Furthermore,
emerging evidence from experimental, controlled and cross-sectional studies suggest
human enzymes capability to elongate also OCFAs and endogenous synthesis of these
OCFAs by gut microbiome in response to fibre intake (Sellem et al., 2022).

4.1.1.6 Trans fatty acids

While industrially produced trans-fatty acids (trans-FAs) generally have negative
effects, such as increased risk of cardiovascular disease and inflammation, there is
ongoing debate regarding whether naturally occurring trans-FAs from ruminants have
the same adverse effects (Oteng and Kersten, 2020). In vivo and in vitro studies have
reported potential positive effects of dairy trans-FAs on various metabolic endpoints,
including enhanced insulin secretion, increased pancreatic islet B-cell growth, reduced
hyperlipidemia, and decreased ectopic liver fat accumulation (Poppitt, 2020). However,
the evidence remains inconsistent. Cohort studies suggesting neutral effects of trans-11
vaccenic acid are not supported by randomized controlled trials, which have concluded
that all trans-FAs negatively impact lipoprotein profiles, regardless of their source
(Brouwer et al., 2010). In contrast, trans-palmitoleic acid (trans-PA), found in smaller
amounts in dairy, has been linked to positive outcomes regarding type 2 diabetes risk in
cohort studies (Poppitt, 2020). However, further evidence is warranted to confirm the
inverse associations between trans-PA and type 2 diabetes risk (Sellem et al., 2022).
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4.1.1.7 Conjugated linoleic acids

CLAs are PUFAs with conjugated double bonds found in both cis- and trans-forms, the
most common isomer of which is cis-9 trans-11 linoleic acid.

Much like vaccenic acid, there are reports of cardiometabolic health benefits for CLAs
(Poppitt, 2020). However, many positive outcomes reported in animal models or in vitro
have not been adequately replicated in clinical trials (Li et al., 2018; Rahbar et al., 2017).
Furthermore, also in meta-analyses confirming positive effects of CLAs on LDL
cholesterol concerns on potential safety of CLAs have been raised, considering increased
insulin resistance and lipodystrophy in animal models, in addition to some adverse lipid
responses in clinical studies (Derakhshande-Rishehri et al., 2015). The lack of consensus
on the effects of CLAs may be due to the variable study designs, including variably
isomers and doses of CLAs consumed, in different studies.

4.1.2 Dairy protein

Milk proteins can be broadly categorized into two main groups: whey proteins, which
account for about 20 % of the total protein, and caseins, which make up approximately
80 %. Whey proteins remain soluble at pH 4.6 and 20°C, while caseins precipitate out
under these conditions. During cheese production, caseins coagulate and form the solid
curd, while whey proteins stay soluble in the liquid whey. Approximately 20 % of milk
protein consists of branched-chain amino acids (BCAAs) such as leucine, isoleucine, and
valine, with a higher concentration of these amino acids found in whey proteins
compared to caseins.

The digestibility of cheese proteins is generally very high—over 95 %, like that of milk
and yogurt, which contributes to their effectiveness as a high-quality protein source.

Observational data have suggested beneficial effects of protein-rich dairy products on
type 2-diabetes (Poppitt, 2020). However, whether this is an effect of protein per se is
not conclusively established. Furthermore, the relationship between dietary protein
intake and cardiometabolic endpoints, particularly type 2-diabetes, is ambiguous. Some
cohort studies associate high intake of total protein or animal protein, including some
dairy protein, with an increased risk of disease (Poppitt, 2020).

More longer-term studies are needed to clarify the relationship between dairy protein
and glycaemic control and type 2-diabetes, and how this compares to protein from other
sources, e.g., plant-based proteins (Anjom-Shoae et al., 2024).

4.1.2.1 Bioactive peptides and branched chain amino acids

A positive relationship between ripening period and amino acid and peptide
concentrations in cheese have been shown, likely due to proteolysis of casein (Weaver
and Givens, 2025).

Bioactive peptides derived from casein, such as the tripeptides Val-Pro-Pro (VPP) and
Ile-Pro-Pro (IPP), have been shown to exhibit antihypertensive properties, primarily
through angiotensin-converting enzyme (ACE) inhibition. However, the long-term
effectiveness of these peptides is still debated, as some studies do not show consistent
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positive outcomes (Torres-Gonzalez and Rice Bradley, 2023; Unger et al., 2023;
Hirahatake et al., 2020).

Postprandial studies have reported beneficial effects of BCAAs on glucose control, e.g.,
via stimulating effects on secretion of insulin (Poppitt, 2020). However, the possibility
that body weight reduction and fat loss could also contribute to these effects cannot be
ruled out. Furthermore, if the required doses can be achieved through recommended
dairy intake is less well established.

4.1.3 VitaminK

Vitamin K is a group of fat-soluble vitamins (K1, K2, K3), which have a potential role in
cardiovascular disease, due to inhibiting vascular calcification. Fermented foods may
contain vitamin K2 (menoquinone) formed by the action of bacteria (Astrup et al., 2019).
K2, which cannot be separately synthesized by humans, is linked to lower risk of type 2
diabetes in prospective observational studies, with supportive experimental evidence for
potential benefits on glucose control and insulin sensitivity.

The bioaccessibility of vitamin K in cheese, using the in vitro model INFOGEST 2.0, was
found to vary between 6.4-80 %, depending on the ripening time, starter culture, fat
content, and water (Jensen et al., 2021). The authors concluded that some cheeses may
be good sources of vitamin K, while the low bioaccessibility of vitamin K from other
cheeses limits their importance as source of vitamin K.

4.1.4 Calcium and phosphorous

The bioavailability of calcium from dairy sources has been shown to be higher compared
to other dietary sources (Timon et al., 2020; Shkembi and Huppertz, 2022). Calcium
bioavailability may vary slightly depending on cheese structure, but is probably between
20-40 %, which is similar or slightly higher compared to milk and yoghurt, not
significantly higher than that of most calcium salts (e.g., carbonate, phosphate, sulfate)
and sometimes slightly lower than that of organic salts (e.g., lactate, citrate). The high
bioavailability may be supported by the casein protein micelles (see section 4.1.5), which
can bind and deliver calcium (and phosphate) at high concentrations (Weaver and
Givens, 2025). A controlled study indicates that calcium bioavailability is not affected by
either lactose content or fermentation (Weaver et al., 2011).

Clinical trials have shown associations between increased faecal fat excretion and
attenuated blood lipid response after the consumption of dairy foods rich in calcium,
particularly cheese (Weaver and Givens, 2025; Torres-Gonzalez and Rice Bradley, 2023;
Unger et al., 2023). There is some evidence on the formation of insoluble calcium-fatty
acid soaps (primarily with long chain fatty acids) in the gastro-intestinal tract, resulting
in increased faecal fat excretion (Turgeon and Brisson, 2020). Phosphorous may also
affect the ability to form such insoluble soaps. It is known that calcium and phosphate
precipitate in the small intestine and form insoluble amorphous calcium phosphate that
can bind to bile acid (Torres-Gonzalez and Rice Bradley, 2023). Both phosphorus and
calcium are particularly concentrated in cheese compared to other dairy products. A
recent controlled study confirmed that high calcium cheese resulted in lower LDL
cholesterol levels compared to low calcium cheese and low calcium cheese plus calcium



22

supplement (Feeney et al., 2023). However, this study did not support faecal fat
excretion as an underlying mechanism, possibly limited by a high attrition rate.

Due to its putative capacity to increase fat excretion, dietary calcium may also be an
important component which affects liver fat accumulation (Hirahatake et al., 2020).

It has become clear that it is important to differentiate the origin of the calcium
consumed (Poppitt, 2020). Calcium supplements, but not calcium consumed within food
products, have been proposed to increase the risk for myocardial infarction (Reid, 2025).

Calcium may influence risk factors for type 2 diabetes by multiple mechanisms, including
regulation of insulin-mediated intracellular processes in specific tissues, contribution to
secretory function of beta-cells within the pancreas, and phosphorylation of insulin
receptors (Poppitt, 2020). However, the evidence in support of dairy-origin calcium for
type 2 diabetes prevention is mixed.

In addition to direct metabolic effects, calcium can indirectly influence the health effects
of cheese by contributing to its structure and texture (see section 4.1.5).

4.1.5 Cheese structure and effects of processing

The cheese structure is a complex assembly of the individual components. Protein,
especially casein, hydrated with water forms networks in which fat globules, minerals,
bacteria and dissolved solutes such as lactic acid, potentially residual lactose, soluble
salts and peptides are all interspersed (Feeney et al., 2021). Caseins exist as large
colloidal aggregates, known as casein micelles (Turgeon and Brisson, 2020). The unique
colloidal structure of the casein micelles allows transport and delivery of proteins and
minerals.

The various processing steps that different products undergo from raw milk to various
dairy products induce modifications of nutrient content and the overall macro- and
microstructure of the final foods. Based on macronutrient content cheese is a high-fat
dairy product, as is butter. However, based on structural composition cheese is more
similar to yogurt or liquid milk with a high protein, high calcium and high MFGM content
(Poppitt, 2020). However, while whole milk contains fat in a liquid emulsion, alongside
lactose, casein and whey, cheese primarily consists of casein proteins and the fat is
embedded either in MFG:s or as unstructured liquid fat dispersed in a coagulated casein
network, with only trace amounts of lactose and whey (Timon et al., 2020; Turgeon and
Brisson, 2020). MFG:s larger than the pores of the network can disrupt the network
structure, while smaller MFGs act as fillers. In contrast to cheese, butter is a water-in-oil
emulsion that consists mainly of fat and water, with negligible protein or carbohydrate
content.

The structural organisation of the major constituents of various cheeses may differ
markedly due to a number of factors, such as composition and pre-treatment of cheese
milk (e.g., homogenisation and heat treatment), cheese manufacturing conditions (e.g.,
method of coagulation), maturation conditions (e.g., duration and maturation
temperatures) and preparation before consumption (e.g., cooking, baking, grilling)
(Feeney et al., 2021). Therefore, cheese is a diverse group of products with potentially
different health properties. For example, cheese made from acid coagulation is generally
loose, soft and high moisture, while rennet coagulation results in firmer and tighter
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casein network (Turgeon and Brisson, 2020). Calcium also plays an important role in the
structure of cheese, where higher levels of calcium contribute to a firmer and harder
texture (Table 5).

Table 5. Composition, characteristics and in vitro digestibility of selected cheeses (data obtained
from Turgeon and Bissard, 2020).

Type of Protein Lipid Ca Textural

cheese (8/100g) | (/100 g) (gr;wg/ 100 | LAB | Matrix characteristics properties Digestibility

Cream Homogenized milk FG/

cheese 6 34 98 Yes potential fragments of Semi-solid NA
MFGM

Camembert | 20 24 388 Yes | [C/asgregates/ Semi-solid | 6676
free fat

Cheddar 24 34 675 Yes FG/aggregates/ SoI!d/V|scoeI 25.43
free fat astic

Parmesan | 36 2 1148 | Yes | FC/asgregates/ Solid NA
free fat

FG =fat globule; LAB = lactic acid bacteria; NA = data not available.; 'determined at the end of gastric digestion, using an in vitro model.

Studies have reported that the cheese disintegration during digestion was correlated with
textural properties of cheese. For example, texture parameters springiness, cohesiveness,
chewiness and hardness were correlated to the rate of cheese disintegration during in
vitro gastric digestion (Weaver and Givens, 2025; Timon et al., 2020; Turgeon and
Brisson, 2020; Fardet et al., 2019), resulting in slower lipolysis and proteolysis. This is
due to a dense and cohesive protein network that provides higher resistance to structural
breakdown and in consequence, a decrease in release of the larger fat droplets from the
protein matrix. Aggregated casein micelles in cheese may impact the ability of lipases to
break down the fat contained within the matrix, compared to the same fat contained
within other food matrices (e.g., milk and butter) (Timon et al., 2020). Furthermore,
fatty acid release seems to be faster when matrices were produced from homogenized
milk, while higher viscosity of the cheese results in delay of the postprandial peak of
lipemia (Fardet et al., 2019; Schmidt et al., 2020).

Interestingly, diet containing ripened cheese reduced hepatic lipids in mice compared to
a diet with unripened cheese, suggesting the duration of ripening affects cheese matrix
and health response (Hirahatake et al., 2020).

While the digestion behaviour of unheated cheese has been fairly frequently studied,
health impacts of melted cheese was until recently unexplored (Feeney et al., 2021). A
recent controlled study found that compared to unmelted cheese, melted cheese
increased total cholesterol and triglyceride concentrations with no effect on LDL
cholesterol or glycaemic control (O'Connor et al., 2024).

4.1.5.1 Fermentation

During fermentation an array of bioactive compounds (e.g., CLAs, gamma-amino-
butyric acid (GABA), bioactive peptides, enzymes, exopolysaccharides, organic acids,
riboflavin, folate, and vitamin B12) may be produced and lipids may be transformed to
smaller bioactive molecules, according to the properties of the starter culture (Comerford
et al., 2025; Santiago-Lopez et al., 2024).

A review of tentative probiotic effects of live bacteria in cheese is outside the scope of this
review. However, a recent study concluded that cheese microbiome may contribute to
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the complexity, diversity, and activity of the gut microbiome (Milani et al., 2025).
Microbial richness varies between different cheeses, depending on production method,
degree of maturation and storage condition (Choi et al., 2020). Generally, hard cheeses
are low in live bacteria, compared to e.g. yoghurt.

4.2 Musculoskeletal health

This section is based on review articles by Geiker et al. (2020) and Weaver and Givens (2025), together
with other references cited in the text.

Overall, there is evidence to suggest that calcium from dairy products, particularly from
fermented dairy and cheese, exerts positive effects on bone turnover, beyond those to be
expected on the basis of the calcium content itself. In addition to calcium, milk and dairy
foods are also high in phosphorus, magnesium, potassium, and vitamin A, which are
important for bone health. The calcium-to-phosphorus ratio (Ca:P) in foods is crucial for
mineral absorption and the formation of the structural bone matrix. Recommended Ca:P
ratios are 1:1 for adults and 2:1 for children, to meet the nutritional requirements at
different stages of growth. From this perspective dairy foods may generally perform well,
milk having a Ca:P ratio of 1,3:1. For plant-based alternatives the ratio varies depending
on fortification, e.g., unfortified soy would have a low ratio of 0,2:1, while fortified soy
milk may reach a ratio of 1.8:1. However, the bioavailability of calcium used for
fortification of plant-based alternatives may be lower compared to calcium in dairy foods
(as discussed in section 5.2.4).

The high protein content in dairy foods is another positive factor related to
musculoskeletal health, as it stimulates the synthesis of growth factors (e.g., insulin) and
promotes bone formation. While soy drinks may have similar levels of protein as milk,
animal sources of protein tend to be more easily digested. Additionally, the distribution
of the nine essential amino acids in animal proteins is better aligned with human
requirements, particularly for muscle and bone formation. However, a cumulative effect
of whey and casein, potentially influenced by other dairy specific components, has been
suggested. If this is the case, consuming the complete product is necessary to maximize
its effects and the relative effect of cheese (mainly casein) compared to other dairy foods
should be considered.

Our understanding of dietary amino acid kinetics and skeletal muscle metabolism
following protein intake is so far mainly informed by studies on isolated protein sources,
such as whey, casein and soy. Only recently, a first attempt was made to investigate any
whole dairy food matrix effect on postprandial circulating amino acids and skeletal
muscle metabolism (de Hart et al., 2021). Overall, the authors concluded that, over a 5-
hour postprandial period, Cheddar cheese and milk resulted in similar total plasma
amino acid availability. However, compared to milk, cheese induced a slower and more
sustained release of circulating amino acids, which was associated with a prolonged
activation of anabolic signalling pathways, including the mammalian target of rapamycin
complex 1 (mMTORC1). The mTORCs are activated specifically by leucine and muscle
exercise. These complexes play a crucial role in muscle protein synthesis, significantly
contributing to muscle recovery following exercise (Thomas et al., 2024). However,
hyperactivation of the mTORCs may lead to negative health effects, e.g., insulin
resistance and hypertension (Stanciu et al., 2024) and cancer (Zou et al., 2020).
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It is still unclear how a sustained circulation of amino acids may impact on muscle
anabolism, e.g., if there may be beneficial effects of a longer window to synergize with
other anabolic cues such as exercise or by offsetting protein breakdown to enhance net
protein balance when combined with the acute stimulus of a faster digesting protein
source. However, one study showed that cheese and milk ingestion similarly increased
muscle protein synthesis rates both at rest and during recovery from exercise (Hermans
etal., 2022).

Another interesting finding was that cheese did not increase circulating insulin or
induced muscle glycaemic response, in contrast to milk (de Hart et al., 2021). Therefore,
the authors suggest that cheese may be a more suitable protein source than milk when
strict glycaemic control is required, e.g., for individuals with diabetes.

Vitamin K is another important factor for bone health. A recent controlled study
compared the effect of vitamin K2 containing Jarlsberg cheese on bone metabolism with
cheese not containing this vitamin (Camembert) (Lundberg et al., 2022). The authors
concluded that the overall effects of Jarlsberg cheese intake reflected increased bone
anabolism and a possible reduced risk of adverse metabolic outcomes.

Another important factor for musculoskeletal health is vitamin B12, which is naturally
present in dairy foods, while the contribution from plant-based alternatives depends on
fortification.

4.3 Dental health

This section is based on the review article by Shkembi and Huppertz (2023), together with other
references cited in the text.

Based on decades of research it is well established that dairy products generally provide
protective effects on dental health. There are several mechanisms that can help explain
this. For example, various anticaries mechanisms have been proposed for casein, such as
absorption to the enamel and an increase in plaque pH by buffering acids. Furthermore,
casein phosphopeptides, produced during enzymatic degradation of casein, stabilise
calcium phosphate in solutions and increase the level of calcium phosphate in dental
plaque. Dairy foods also provide favourable calcium-to-phosphorus ratio (Ca:P) (see also
section 4.2).

When milk is fermented, such as during cheese production, the pH decreases, which
would typically be considered a risk for dental health. However, thanks to the
encapsulation of calcium and phosphate in casein micelles dairy products remain
saturated with calcium and phosphate also at low pH. Therefore, there is no significant
driving force for demineralisation, i.e., solubilization of calcium phosphate from the
enamel or dentin. In contrast, controlled studies found cheese to increase the calcium
and phosphorus concentration of dental plaque (Moynihan et al., 1999; Ravishankar et
al., 2012).

Furthermore, cheese contains little or no residual carbohydrates, and chewing cheese
stimulates salivary secretion, which further minimizes its impact on dental health. Any
remaining carbohydrates in cheese are in the form of lactose, which has a lower
cariogenic effect compared to other carbohydrates.
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Dairy fat may also contribute to attenuate cariogenic effects of dairy, by coating of enamel
surface.

5 Plant-based cheese alternatives

5.1 Nutritional overview

This section is based primarily on the reviews by McClements & McClements (2023) and Kouame et
al. (2023) and selected references from these papers, as well as a Swedish study by Moshtaghian et al.
(2024).

None of the included reviews (Table 3) addressed plant-based cheese alternatives
specifically, rather all covered nutritional aspects of plant-based alternatives to dairy
more broadly, among which several examples of PB cheese alternatives are included.

The nutrient profile of plant-based cheese alternatives is a result of the ingredients and
technology used for their production. Grossmann and McClements (2021) define plant-
based cheese alternatives as “an edible material prepared from plant ingredients that is
designed to have a similar appearance, texture, and flavour as animal-based cheeses”. PB
cheese alternatives may either be produced from isolated PB ingredients (e.g., a legume
protein) in a so-called “bottom-up approach” or from whole PB ingredients (e.g., a whole
nut) in a “top-down approach”. The first approach allows for a greater tailoring of the
product’s final nutritional profile at the expenses of a higher processing degree.

Nevertheless, PB cheese alternatives lack dairy proteins which are largely responsible for
cheese unique nutritional, sensorial and physicochemical properties. Therefore, many
commercially available PB cheese alternatives rely heavily on non-protein ingredients
such as coconut oil, palm oil, or other solid plant-based fats that melt with increasing
temperature (Grasso et al., 2021; Mattice and Marangoni, 2020). The final product often
presents a structure made of a colloidal complex containing lipid droplets embedded
within a (scarce) protein network and/or a viscoelastic polysaccharide, which differs
greatly from the structure of dairy cheese (see section 4.1.5).

Table 6 provides examples of PB cheese alternatives formulated with a “bottom-up”
approach (e.g., PB cheese #1, #2, #3) or produced with a “top-down” approach (PB
cheese #4). Remarkable differences in the content of protein, saturated fat,
carbohydrates, fiber and fortified calcium are observed between the first group of PB
products and the cashew nut- based product (PB cheese #4).

Kouame et al. (2023) report in their review the work by Grasso and coauthors who
analysed the structure and composition of several starch and coconut oil-based block
cheese alternatives and could confirm a lower protein content than cheddar, and a
microstructure lacking a continuous protein network, with the fat globules stabilized by
starch and other hydrocolloids (Grasso et al., 2021).

In a further review by McClements & McClements (2023), the authors report that plant-
based cheese alternatives in the US market largely contain little or no protein, and a
much higher amount of carbohydrates than the real cheese, mainly in the form of starch,
which is used to provide a cheese-like texture. Additionally, plant-based cheese
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alternatives in the US market tend to have a higher sodium content than the real cheese,
which could be a health risk for people prone to hypertension.

These indications are confirmed in plant-based cheese alternatives on the Swedish
market (Table 7). The study by Moshtaghian et al. (2024) divided plant-based cheese
alternatives into plant fat-based or plant fat- and protein-based, depending on their
formulation. Both groups of products contained higher carbohydrate and salt and lower
protein than cheese. Additionally, plant-fat based cheese alternatives had higher
saturated fat than cheese.

Table 6. Nutritional profiles of cow’s milk cheddar cheese (data from USDA food database) and
plant-based alternatives (data obtained from McClements, 2023).

Values per 100 g Real cheddar PBcheesealt. | PBcheesealt. | PBcheesealt. | PBcheesealt.
cheese #1 #2 #3 #4
Energy (g) 409 250 286 300 393
Protein (g) 23.3 0 0 0 14.3
Total fat (g) 34.0 17.5 25.0 20.0 28.6
Saturated fat (g) 19.2 15.0 214 17.5 5.4
Cholesterol (mg) 107 0 0 0 0.0
Total carbohydrates (g) | 2.44 20 25 25 0.0
Sugars (g) - 0 0 0 0.0
Dietary fibre (g) - 0 - 0 25.0
Calcium (mg) 707 700 607 650 3.6
Iron (mg) 0.16 4 0.71 1.0 7.1
Sodium (mg) 654 750 1040 700 35.7

Plant-based cheese #1: Water, modified food starch, coconut oil, and calcium citrate. No more than 2% of each: salt, natural flavour, citric
acid, beta-carotene, and cyanocobalamin (vitamin B12).

Plant-based cheese #2: Water, modified potato starch, coconut oil, and salt. Two percent or less of tricalcium phosphate, natural flavour,
cultured dextrose, disodium phosphate, annatto extract, vitamin A palmitate, paprika oleoresin, and vitamin D3.

Plant-based cheese #3: Water, modified food starch, coconut oil, calcium citrate, salt, natural flavour, citric acid, beta carotene, paprika
extract, sugar, and cyanocobalamin (Vitamin B12).

Plant-based cheese #4: Organic cashew milk (organic cashews, filtered water), organic chickpea miso (organic rice koji (organic rice, koji
spores), organic whole chickpeas, sea salt, water), nutritional yeast, sea salt, natural flavours (derived from oregano, plum, flaxseed), and
cultures.

Table 7. Energy and nutrients in 100 g plant-based cheese alternatives on the Swedish market and
comparison with cheese (data from Mosthaghian et al. 2024). Values presented as median.

. Plant fat-based cheese Plant fat- and protein-based
Nutrient (per 100 g) alternatives (n=21) cheese alternatives ? (n=15) Cheese (n=36)
Energy (kcal) 285 292 283
Fat total (g) 23.0 24.0 22.3
Saturated fat (g) 21.0* 14.0 14.5
Carbohydrate (g) 22.0* 19.0* 1.90
Sugars (g) 0.50 0.30 0.20
Fibre (g)° No data 6.10* 0.00
Protein (g) 0.50* 1.10* 17.0
Salt (g) 1.80* 2.20* 1.20
Vitamin D (ug)® No data 4.00* 0.12
Vitamin B2 (mg)® No data 0.90* 0.27
Vitamin B12 (ug)® 2.50* 1.70* 0.62
Calcium (mg)® 650 135* 440
lodine (ug)® No data 87.0* 12.0

*= Significant difference compared to cheese.; 2 Protein-containing ingredients include nuts, seeds or protein isolates, e.g. potato protein;
Nutrient not required to be declared, data missing for some products.
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5.2 Cardiometabolic, musculoskeletal and
dental health

McClements (2023) suggests that plant-based cheese alternatives are not a healthy
replacement for dairy cheese because they contain much less protein and much more
starch. However, none of the retrieved reviews report studies investigating the effect of
the consumption of plant-based cheese alternatives on metabolic parameters and no
controlled study was identified by literature searches performed for this report.

As most plant-based cheese alternatives contain only 0-5% protein and no caseins it can
be implied that they lack the tentative cardiometabolic protective effects attributed to
protein related factors in cheese (see section 4.1.2). Although in plant-based cheese
alternatives obtained from a mixture of plant fat and protein (Table 7) or from nut or
legume ingredients (Table 6) a higher protein content is observed, the quality of this
protein is lower compared to dairy. On the Swedish market, such products are
formulated for example, with soybean or broad-bean protein isolate (Moshtaghian et al.,
2024). For soybean, protein digestibility ranges between 72 and 86% depending on the
processing vs. 100% in whey and casein. Plant-based protein also lacks some essential
amino acids; for example, soy, pea and almond proteins lack methionine and cysteine
and need

In addition to having lower protein content, plant-based alternatives also contain lower
levels of calcium phosphate compared to cheese, which suggests that plant-based
alternatives may not offer the same benefits for muscle, bone, and dental health as
cheese. As mentioned in section 4.2, milk has a favourable calcium-to-phosphorus (Ca:P)
ratio of 1.3:1. For plant-based alternatives, this ratio will vary depending on fortification;
for example, unfortified soy milk has a low ratio of 0.2:1, while fortified soy milk can
reach a ratio of 1.8:1. Additionally, it is uncertain whether calcium in plant-based
alternatives is as bioavailable as calcium in dairy products (see section 5.2.4), which may
mean that the ratio for plant-based alternatives is not fully representative.

Another and possibly more important factor lacking in plant-based cheese alternatives
is the unique composition and structural organisation of milk fats, which explains part
of the cardiometabolic effects from cheese consumption (see section 4.1.1). Although
plant-based products may contain equal amounts of total fat, plant-fat based cheese
alternatives contain often more saturated fat than cheese (Table 6). Coconut oil, which
contains high levels of saturated fat, is commonly used to formulate plant-based cheese
alternatives. Whereas saturated fat from dairy has not proved to increase the risk of
cardiovascular disease, less is known about the health effect of saturated fat from a plant-
based processed source such as a cheese alternative. However, palm oil and coconut oil
are known to increase LDL cholesterol levels when compared to plant oils high in
unsaturated fatty acids (Rosqvist and Niinist6, 2024).

Additionally, other nutrients lacking in plant-based dairy alternatives compared to milk
are choline, vitamin A, magnesium, and potassium, for which fortification is not
common. For vitamins and minerals commonly added to plant-based dairy alternatives
see section 5.2.4.

Based on their nutrient content, there is limited evidence to suggest that plant-based
alternatives to dairy products confer the same favourable effects on muscle, bone, and



29

dental health as dairy products (see sections 4.2 and 4.3) (Geiker et al., 2020; Shkembi
and Huppertz, 2023b). Current studies comparing dairy products with plant-based
alternatives indicate that dairy products are more beneficial for bone health. However,
further research is needed, particularly regarding the effects of replacing cheese with
plant-based alternatives, an area that has not yet been explored.

Whether there may be other factors present in plant-based cheese alternatives, providing
beneficial effects on dental health remains to be elucidated.

5.3 Matrix factors

This section is based on all five reviews reported in Table 3 and selected references from these
papers.

As mentioned, the analysed literature did not report any study dealing with health effects
from matrix factors in plant-based cheese alternatives. Reviews often speculate on
potential health implications based on the different production process, ingredients and
nutrient composition of plant-based vs. dairy-based. Here, we report a short list of points
of differentiation between plant-based vs. dairy-based cheese with potential health
implications (Figure 4):

e Higher degree of processing in the product production (see section 5.3.1).

e Anti-nutritional factors and affected minerals bioavailability (see section 5.3.2).

e Fortified micronutrients — uncertainty about bioavailability in the matrix (see section
5.3.3).

¢ Different free fatty acids composition and digestibility.

e Higher starch, sugar and carbohydrate digestibility.

¢ Lower protein, lack of bioactive peptides, and decreased protein digestibility.

¢ TFiber content — potential positive gut health and blood lipids effects?

Additionally, fermentation is a process that can be applied to plant-based dairy
alternatives similarly to dairy, and which may deliver a whole range of health enhancing
effects (see section 5.3.4).

Processing

Pros: Increases availability of protein, Antinutritional factors

vitamins and minerals. : : .
N . Impairs the absorption of protein and
Cons: Loss of nutrients. Rapid B

absorption of nutrients such as sugar
\ ] /

and fat.
Fatty acids Plant-based

Fortified nutrients

Bioavailability?

) = Carbohydrates
Different composition - saturated cheese alternatives =  Hisher content. desradation and
fatty acids without the protective - differences & up,takg

effects found in cheese. compared to cheese '
Fibre Protein
Positive effects on gut health and blood Lower content, quality, degradation and
lipids? absorption.

Figure 4. Examples of points of differentiation between plant-based vs. dairy-based cheese with
potential health implications
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5.3.1 Higher degree of processing

It is known that animal food products tend to have a higher digestibility and nutrient
bioavailability than whole plant-based foods. Indeed, edible plants contain cellular
structures that are resistant to digestion, which limits the release of the nutrients from
the food matrix. However, this phenomenon is usually less of a problem in processed
food products.

Plant-based alternatives to animal products have a higher degree of processing, which
may lead to a double-sided effect. Many plant-based animal substitutes are rapidly
masticated and digested because the cellular structures found in the original plant tissues
have been disrupted or removed. So, on one hand, theoretically, the macronutrients in
this kind of foods may be rapidly digested in the mouth, stomach, and small intestine
because the digestive enzymes can easily access and hydrolyze them, leading to a rapid
rise in the concentration of the absorbed digestion products or their metabolites in the
bloodstream. This can result in blood lipids and sugar spikes (Capuano and Janssen,
2021) which are not favourable to health. On the other end, disrupting the cell walls of
plant tissues may increase the bioavailability of proteins, minerals and vitamins which is
a desirable effect.

Studies have shown that plant-based milk alternatives lack the beneficial slow gastric-
emptying and insulin secretion effect of milk, which is known to reduce its glycaemic
impact, leading in some cases to much stronger glycaemic responses, which are
undesirable in relation to the risk of type-2 diabetes (Shkembi and Huppertz, 2023a). No
study assessing the glycaemic and insulinemic responses from plant-based cheese
alternatives has been found.

For proteins, an increased digestibility may be an advantage as it implies higher
absorption of essential amino acids. Digestibility of plant proteins in general is lower
compared to animal proteins due to their globular structure and the presence of anti-
nutritional factors such as trypsin and chymotrypsin inhibitors, lectins, phytates, fibers,
and polyphenols (tannins) that can interfere with their digestion (Sa et al., 2020).
Experimental data on the bioavailability of protein from plant-based alternatives is today
mainly available for meat alternatives, with results pointing to a generally lower protein
bioavailability (McClements and McClements, 2023). However, Sridhar et al. (2023)
report in their review few studies assessing protein bioavailability of plant-based milk
alternatives in in vitro digestion systems. For example, Martinez-Padilla et al. (2020),
compared four plant-based beverages with cow milk in a multi-step in vitro digestion
system and showed a considerable variability in protein digestibility depending on the
plant source. No studies assessing the impact of processing on protein digestibility in
plant-based cheese alternatives have been found.

5.3.2 Antinutritional factors

Another important difference between plant-based and animal-based foods is that the
former contains anti-nutritional factors (McClements et al., 2023). Phytates, tannins,
oxalates and lectins are all potentially present in harmful amount in unprocessed raw
materials used for the manufactory of plant-based dairy alternatives. These components
are known to particularly hinder minerals and proteins absorption in the gastro-
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intestinal tract. However, anti-nutritional factors are usually deactivated or removed
when plants are converted into highly processed food products or ingredients, like
powdered proteins or polysaccharides, or fluid oils, which are often used in plant-based
cheese alternatives production.

McClements et al. (2023) summarize strategies for decreasing the content and activity of
anti-nutritional factors in plant-based alternatives to animal products. Besides the use
of highly processed ingredients (which may also lead to the loss of valuable nutrients),
food producers could select plant varieties with lower content of anti-nutritional factors
such as phytates and oxalates. Another strategy is to design products that contain plant
proteins known to produce peptides during digestion with enhancing properties for
minerals bioavailability. A further approach is to select minerals salts for product
enrichment with higher solubility and bioavailability (see also paragraph 5.2.4).

No data have been found on analytical assessments of anti-nutritional factors in plant-
based cheese alternatives.

5.3.3 Fortified micronutrients

Many producers fortify their plant-based cheese products with vitamins and minerals so
that their micronutrient profiles become closer those of real cheeses. This is also needed
when plant-based cheese alternatives are formulated from whole plant materials (e.g.,
cereals, nuts, legumes). Although the starting material may be often naturally rich in
minerals and vitamins, the production process removes or dilutes them so that the final
product becomes a poor source of nutrients. Therefore, fortification is often the source
of many of the nutrients claimed on the nutrition label.

However, plant-based cheese alternatives generally present a lower degree of
fortification than plant-based milk alternatives. In a US study, authors observed that out
of 245 plant-based cheese alternatives, less than 1 in 5 had calcium fortification, less than
1in 7 had vitamin B12 fortification, and only 1% had vitamin D added (Craig et al., 2022).
Results from a Swedish study indicate however, a higher proportion of fortified plant-
based cheese alternatives. Notably, 80% of these products are fortified with vitamin B12,
28% with calcium, 11% with vitamin D and iodine and 3% with vitamin B2 (Moshtaghian
et al. 2024). In fortified products, the content of vitamin B2, B12, calcium, and iodine are
higher than in cheese.

Part of the health effect of cheese consumption on musculoskeletal and dental health are
related to the Ca:P ratio, and the high bioavailability of calcium in milk-based cheeses
(see section 4.2). However, when calcium is fortified in plant-based alternatives to
cheese, there is high uncertainty on its bioavailability. Merritt et al. report in their review
(Merritt, 2023), that fortified nutrients, notably calcium, have uncertain physical
stability and bioavailability in the final matrix. Indeed, some factors in the plant-based
matrix, such as the presence of antinutrients (known to decrease minerals
bioavailability) may hinder calcium absorption in the intestinal tract. Antinutrients such
as phytate in nuts, seeds, cereals, and pulses, in particular oats and broad beans, reduce
calcium bioavailability. Additionally, the bioavailability of calcium depends on which
compound is used for fortification: for example, tri-calcium phosphate is less
bioavailable than calcium carbonate (Shkembi and Huppertz, 2022).
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We did not find any study specifically assessing minerals bioavailability in plant-based
cheese alternatives. However, Sridhar et al. (2023) report in their review studies on the
bio-accessibility of minerals from plant-based milk alternatives, although based on a
dialysis after gastric and intestinal digestions (Silva et al., 2020). The authors compared
25 plant-based beverages and cow milk and could observe that only plant-based
beverages fortified with calcium presented comparable values for total Ca and more Ca
bioaccessibility than cow's milk. Other studies from Sridhar’s review presented attempts
to increase digestibility in plant-based milk alternatives, by, for example, fortification
with vitamin D nanoemulsion, although the bioacessibility of this vitamin remained low
when assessed by INFOGEST system (Zhou et al., 2021).

5.34 Fermentation by lactic acid bacteria
This section is primarily based on the review by Erem and Kilic-Akyilmaz (2024).

In the production of plant-based cheese alternatives, fermentation with lactic acid
bacteria can be applied, with supposed positive effects on their rheological, taste,
nutritional and health properties (Erem and Kilic-Akyilmaz, 2024). However, we were
unable to identify studies in the literature directly targeting the health impact of
fermentation in plant-based cheese alternatives, which can therefore only be inferred
from the literature on fermented plant-based milk and yoghurt alternatives.

Fermentation by lactic acid bacteria could improve the structure of plant-based cheese
alternatives via their proteolytic activity and by producing exopolysaccharides, which
provide the advantage of a lower need for externally added polysaccharides, beside other
health-improving functional properties such as antioxidant and antimicrobial activities.
Protein degradation can also lead to a reduction in the presence of allergenic proteins.

Additionally, fermentation can positively impact nutrients bioavailability. It was shown
for example that fermentation improved nutrient bioavailability in soybean (Rekha and
Vijayalakshmi, 2010) or cowpea—peanut (Chawafambira et al., 2022) based milk
substitutes. Fermentation of plant-based materials can also lead to the release of
polyphenols and a higher antioxidant activity, which can be beneficial in reducing the
risk of diseases caused by oxidative damage. In Erem and Kilic-Akyilmaz et al. (2024)
several studies report this effect in plant-based milk substitutes (e.g., soybean or barley-
based mix). Further, fermentation can lead to beneficial anti-diabetic properties, due to
the production of bioactive peptides that decrease the activity of two enzymes (a-amylase
and a-glycosidase) responsible for carbohydrates digestion. In the same review (Erem
and Kilic-Akyilmaz, 2024), studies are presented on the anti-diabetic activity of
fermented plant-based yoghurts. Bioactive peptides and phenolic compounds formed or
released by the fermentation of grains or legumes used in plant-based dairy alternatives
have been shown to exhibit anti-hypertensive and anti-inflammatory effects when
assessed in vitro or in cell-cultures.

Fermentation is an established process technology for cheese production, but it also
offers the potential to positively influence the properties of plant-based foods. Further
studies would be interesting to explore if and how fermentation can contribute to matrix
effects relevant to the health impacts of plant-based cheese alternatives made from whole
protein ingredients (e.g., peanuts or soybeans). For instance, it would be valuable to
better understand how different bacterial strains affect the structure and nutritional



33

content of plant-based alternatives based on various raw materials, both during
production and subsequent storage/maturation, throughout the product's shelf life.
Additionally, there is a lack of information in the literature regarding microbial
production of nutrients often highlighted in discussions about the cheese matrix, such as
specific fatty acids (see section 4.1.1) and vitamin K (see section 4.1.3), during the
fermentation of plant-based alternatives.

6 Concluding remarks

The overall aim of this report was to review the role of the food matrix of hard cheese for
health, in comparison to the matrix of plant-based cheese alternatives. As expected, we
found that this area is significantly more researched and documented for cheese than for
plant-based cheese alternatives. While a range of studies (including epidemiological,
experimental and controlled human studies) contribute to the emerging understanding
of the food matrix and health effects of cheese, the discussion on tentative health effects
of plant-based cheese alternatives so far rely mainly on information on their nutritional
content and established properties of the raw materials and individual ingredients,
together with a limited number of studies on plant-based milk or yoghurt alternatives.
To the best of our knowledge, there is a lack of both epidemiological associations and
controlled human studies exploring health effects of plant-based cheese alternatives,
with or without specific reference to their food matrix.

Several health-promoting factors related to the cheese matrix have been proposed,
including the presence of specific fatty acids and bioactive peptides, beneficial Ca:P ratio,
the organization of fat in globules surrounded by the unique MFGM hosting an array of
tentative bioactives (e.g., polar lipids) and the role of casein micelles in transporting
nutrients, as well as the cheese structure per se. Most of the suggested beneficial cheese
matrix factors are assumed not to be naturally occurring in plant-based cheese
alternatives. Instead, for plant-based cheese alternatives other factors are discussed,
such as degree of processing, fortification, anti-nutritional factors, and the content and
quality of carbohydrate, fat and protein.

Further research is needed to clarify the effects of cheese on cardiometabolic,
musculoskeletal, and dental health, as well as to uncover the mechanisms that mediate
these effects. Although most studies indicate either a neutral or beneficial effect of cheese
consumption on cardiometabolic health, recent findings suggest a negative impact on
type 2-diabetes at very high intake levels. It may therefore be of interest to explore more
closely the associations between high levels of cheese consumption and various health
outcomes. Further studies are also needed to clarify the extent to which the proposed
mechanisms are relevant to health in the context of reasonable cheese consumption as
part of a balanced diet. It would also be useful to examine health effects of a broader
repertoire of cheeses. Indications of gender-specific health effects of cheese are another
intriguing issue, as is the question of whether the health effects of cheese might differ
between other population groups. For example, studies conducted in more diverse
geographical regions (beyond Northern Europe and North America, where most studies
to date have been carried out) would be valuable, as would a deeper understanding of
whether effects vary among populations of different origins.
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However, existing data imply that cheese may exert more beneficial effects on
cardiometabolic, musculoskeletal, and dental health, than plant-based alternatives,
possibly due to its unique compositional matrix. Simultaneously, there is still uncertainty
as to whether conclusions drawn from existing nutrient-level data reliably reflect the true
health impacts of plant-based cheese substitutes. It cannot be ruled out that future
research may uncover unforeseen health effects and matrix-related properties of plant-
based cheese alternatives, similar to how our understanding of the cheese matrix and its
possible health implications has evolved over time. Not least, potential matrix effects of
plant-based cheese alternatives made from whole plant ingredients are worth closer
examination. Particularly interesting would be to explore the possibilities of
fermentation, regarding both the structure and nutritional content of plant-based cheese
alternatives. Continued advancements in this area are crucial for better understanding
the potential health effects of replacing dairy products, such as cheese, with plant-based
alternatives.
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Appendix A. Excluded articles

Search No. 1: Reviews on cheese or plant-based cheese/dairy alternatives

Reference

Reasons to exclude

Mehany et al., 2024

Not matrix

Erlichetal., 2024

Not hard cheese

Givens, 2024

Not dairy, generic animal foods

Pillai et al., 2024

Not hard cheese

Hidalgo-Fuentes et al., 2024

No mention to cheese

Itkonen and Lamberg-Allardt, 2023

Not dairy, overview phosporous

Miller et al., 2023

Not health, focus on FOPNL

Kosmerl et al., 2023

Not hard cheese

Tayetal., 2023

Not matrix, only nutrients

Horlacher et al., 2023

Not hard cheese, no novelty compared to other reviews on fermentation

Bourassa et al., 2022

Not matrix

Reid-McCann et al., 2022

Not cheese/plant-based cheese analogue

Gelleretal., 2022

Not hard health

Beal and Ortenzi, 2022

Not matrix, only nutrients

Steuretal., 2021 Not matrix

Wu et al., 2021 Not hard cheese
Sheehan, 2021 Editorial
Hirahatake et al., 2020 Not matrix
Guoetal., 2019 Not matrix
Dekker et al., 2019 Not matrix

Donovan and Goulet, 2019

Not hard cheese

Search No. 1: Reviews on cheese or plant-based cheese/dairy alternatives

Reference Reasons to exclude
luliano et al., 2024 Mixed dairy

Weijzen et al., 2024 Not health

Baek et al., 2023 Not health

Feeneyetal., 2023 Cited by included reviews
luliano et al., 2023 Mixed dairy

Dunne et al., 2023 Cited by included reviews
Butikofer et al., 2022 Not health

Fernando et al., 2022 Mixed dairy

luliano et al., 2021 Mixed dairy

Moschonis et al., 2021

Not cheese, fortification vitamin D

Kjolbzek et al., 2021

Cited by included reviews

Schmidtetal., 2021

Mixed dairy

Hric et al., 2021

Not cheese from cow’s milk (goat)

Vienetal., 2021

Cited by included reviews

Rajendiran et al., 2021

Not hard cheese

Le Barzetal., 2021

Not hard cheese (milk polar lipids)

Hilkens et al., 2024

Mixed dairy

Ghelleretal., 2021

Mixed dairy
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